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(57) ABSTRACT

Exemplary embodiments relates to a demodulator for fre-
quency-shift keyed signals by using the Goertzel algorithm
according to the general recursive calculating rule, where

fg]
Cre =2*COS(2*7T* =
s

s

with the sampling frequency f, and the specified frequency .
To reduce the mathematical complexity in feed-power-lim-
ited devices, it is proposed that the sampling frequency £, is an
integral multiple of the frequency f, of a specified discrete
spectral component.

4 Claims, 3 Drawing Sheets

- A 'Vx' )
)] 4+ sfi]-—— I SO
T . g
5 7z -t T
: ;
. i
T b g
e ST S s[n-1j—
— - B
|
- T J
- |
I S ..f‘:\ R - ..‘.5[”“21. R
MK"W.M
o,




US 9,276,789 B2
Page 2

(56) References Cited

OTHER PUBLICATIONS

Wikipedia: Goertzel-Algorithmus [recherchiert Im Internet am Jul.
16, 2013; URL: http://de. wikikedia.org/wiki/Goertzel-
Algorithmus].

Kevin Banks, The Goertzel Algorithm, Aug. 2002 [recherchiert im
Internet am Jul. 16, 2013; URL: http://www.embedded.com].

DTMF Touch Tone Decoder Using Microchip PIC Microprocessor;
Signal Processing Algorithm; Oct. 23, 2010.

Oppenheim Alan V. et al., Discrete-Time Signal Processing, The
Goertzel Agorith, :Discrete-Time Signal Processing; Goertzel
Agorith; Jan. 1, 1989 pp. 633-635.

Arslan, Guner, “Literature Survey on Dual-Tone Multiple Frequency
DTMF Detector Implementation” Mar. 31, 1998, pp. 1-9.
European Search Report issued Apr. 12, 2014 (9 pages).

* cited by examiner



U.S. Patent

Mar. 1, 2016 Sheet 1 of 3

US 9,276,789 B2

s[n)? + sln-117 4 sfn]*sin-31*C

e

s

1
%

] + s I b
hr I
Lz
) ;
T i i {s [
P 5[0 1] ;{ s[n-1j—-
2 Ko
i 52
O

Figure 1



U.S. Patent Mar. 1, 2016 Sheet 2 of 3 US 9,276,789 B2

85= X5
S4=X4 +¢c_re*S5

Figure 2 83=X3+c_re*S4 -85
82=X2+¢_re*S53-54
S1=X1+c¢_re*52-53
S0=X0+c_re*S1-82
M= 50*S0 + 8181 - S0*S1*¢c_re

] S0 = X0 - X1 + X3 - X4
Figure 3 S1=X1-X2+X4-X5
M = S0°S0 + S1°81 + S0*S1

i 4 S0 = X0 - X2 + X4
igure $1=X1-X3+X5

M = S0"S0 + 51*51

] | S0 = X0+X1-X3-X4
Figure 5 81 = X1+X2-X4-X5
M = S0*S0 + S1*S1 - S0*S1
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DEMODULATOR FOR FREQUENCY-SHIFT
KEYED SIGNALS BY USING THE
GOERTZEL ALGORITHM

RELATED APPLICATION(S)

This application claims priority under 35 U.S.C. §119 to
German application No. DE 102013000312.1, filed in Ger-
many on Jan. 10, 2013, the entire content of which is hereby
incorporated by reference in its entirety.

FIELD

The disclosure relates to a demodulator for frequency-shift
keyed signals by using the Goertzel algorithm.

BACKGROUND INFORMATION

Frequency shift keying (FSK) is a modulation technique
for transmitting digital signals. This technique is insensitive
to interference. In frequency shift keying, the carrier fre-
quency of a periodic sinusoidal oscillation is changed
between a set of different frequencies which represent the
individual transmitted symbols.

During the modulation, a transmitted symbol is assigned to
a specified transmission frequency. On the other hand, during
the demodulation, a specified frequency is detected and the
corresponding symbol is output for further data processing.
One exemplary parameter of frequency shift keying is an
integral number of available transmission frequencies.

In its simplest form, only two different symbols are
present, so-called binary FSK, which are transmitted via two
different symbol frequencies f1 and f2. In this case, the bit
rate is equal to the symbol rate. This form can be used for data
transmission according to the HART protocol in measuring
and control technology.

The Goertzel algorithm, as discussed at <<http://de.wiki-
pedia.org/wiki/Goertzel-Algorithmus>>, is a digital signal
processing technique and represents a special form of discrete
Fourier transformation (DFT). In contrast to the various fast
calculation methods in discrete Fourier transformation (DFT)
which can calculate all discrete spectral components in one
block, it is possible with the Goertzel algorithm to calculate
only individual discrete spectral components.

The algorithm is based on a structure consisting of a digital
filter which is extended by a state control factor. The states
subdivide the calculation into the return branch in which the
input values sampled in the time domain are loaded, and into
a forward branch which delivers the output signal. The return
loop can be passed with each digital sample and be configured
as arecursive digital filter having two state memories and one
accumulator. The forward branch can be passed once only
after N samples and delivers from the state memories the
calculated complex output value, the spectral component in
amount and phase. The number of samples N can assume any
positive integral values.

It is known that the quality of detection of a discrete spec-
tral component increases with an increasing number of
samples N.

The Goertzel algorithm can specify 4N additions and 4N
multiplications per calculation of one spectral component,
the symbol frequencies f1 and 2 in FSK. In principle, using
the Goertzel algorithm in FSK demodulation is known from
U.S. Pat. No. 5,818,296 A. The implementation of the Goert-
zel algorithm is described in the document “The Goertzel
Algorithm”, <<http://eetimes.com/design/embedded/
4024443/The-Goertzel-Algorithm>>.
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In addition, a technical implementation is known from the
Application Report by the company Texas Instruments
“Modified Goertzel Algorithm in DTMF Detection Using the
TMS320C80”, 1996, Digital Signal Processing Solutions.
This refers to the detection of dialing tones and their combi-
nations of the multi-frequency tone dialing method in tele-
phony. In this context, the variable tone dialing frequencies,
which are between 697 Hz and 1477 Hz, can be sampled with
a fixed sampling rate of 8 kHz.

In principle, the Goertzel algorithm can be suitable for the
demodulation of FSK signals as used in automation technol-
ogy for communication between central and peripheral
devices. However, this is in conflict with the still fairly high
computing complexity, the time and power specified by
which s not available, especially in real-time-capable periph-
eral devices which are fed from a conductor loop with limited
power for reasons of explosion protection. Such a device has
available a maximum of 96 mW for its entire operation. But
this includes at least not conclusively means for communica-
tion, for signal processing in accordance with the respective
automation-related task, for signal conversion, for measure-
ment value detection or setpoint output and diagnostic means.

A demodulator for frequency-shift keyed signals is dis-
closed, comprising: a processor configured to filter a line
signal, sample the filtered signal and process samples output
from the filter with a Goertzel algorithm, comparing a result
of'the algorithm to a threshold to determine whether the filter
output is to be feedback for further processing with the Goert-
zel algorithm.

SUMMARY

A demodulator for frequency-shift keyed signals is dis-
closed, comprising: a processor configured to filter input
signals and process the filtered signals using a Goertzel algo-
rithm according to a general recursive calculating rule M=s
[n]*+s[n-1]%+s[n]*s[n-1]*c,,, where s[n]=x[n]+c, *s[n-1]-
s[n-2], M is the magnitude of a specified discrete spectral
component, x[n] are the samples of the input signal, s[n] are
state signals, and c,, is the feedback coefficient of the state
signal s[n-1], where

fg]
Cre =2*COS(2*7T* =
fs

s

with a sampling frequency f, and a specified frequency f,, and
wherein the sampling frequency f| is an integral multiple of
the frequency 1, of the specified discrete spectral component.

A method for demodulating frequency-shift keyed signals
is disclosed, comprising: filtering input signals in a processor;
processing, in a processor, the filtered signals using a Goert-
zel algorithm according to a general recursive calculating rule
M=s[n]*+s[n-1]*+s[n]*s[n-1]*c,,, where s[n]=x[n]+c, *s
[n-1]-s[n-2], M is a magnitude of a specified discrete spec-
tral component, X[n] are samples of the input signal, s[n] are
state signals, and c,, is a feedback coefficient of the state
signal s[n-1], where

fg]
Cre =2*COS(2*7T* =
fs
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with a sampling frequency f; and a specified frequency f,, and
wherein the sampling frequency £, is an integral multiple of
the frequency f, of the specified discrete spectral component.

BRIEF DESCRIPTION OF THE DRAWINGS

In the text which follows, the disclosure will be explained
in greater detail with reference to exemplary embodiments.
The drawings are as follows:

FIG. 1is a block diagram of a Goertzel algorithm in accor-
dance with an exemplary embodiment of the present disclo-
sure;

FIG. 2 is a representation of a sequence of mathematical
operations according to the Goertzel algorithm in its general
form in accordance with an exemplary embodiment of the
present disclosure;

FIG. 3 is arepresentation of a first sequence of mathemati-
cal operations according to the Goertzel algorithm in accor-
dance with an exemplary embodiment of the present disclo-
sure;

FIG. 4 is a representation of a second sequence of math-
ematical operations according to the Goertzel algorithm in
accordance with an exemplary embodiment of the present
disclosure;

FIG. 5 is arepresentation of a third sequence of mathemati-
cal operations according to the Goertzel algorithm in accor-
dance with an exemplary embodiment of the present disclo-
sure; and

FIG. 6 is a representation of an implementation of the
demodulator for carrier detection according to an exemplary
embodiment of the present disclosure.

DETAILED DESCRIPTION

Exemplary embodiments of the present disclosure provide
a demodulator for frequency-shift keyed signals by using the
Goertzel algorithm, the specified computing complexity of
which allows it to be implemented in feed-power-limited
devices.

The Goertzel algorithm, is specified according to the gen-
eral recursive calculation rule

M=s[n]P+sn-11%+s[n] *s[n-11*c,,
where
sfmj=x{nj+c,. s mn—1]-sfn-2]
where
M is the magnitude of the specified discrete spectral compo-
nent,
x[n] are the samples of the input signal,
s[n] are state signals and
c,, is the feedback coefficient of the state signal s[n-1].

The return branch of the digital filter according to the
Goertzel algorithm includes a first and a second feedback
stage. In the first feedback stage, the state of a first state
memory with the feedback coefficient c,, is fed back to the
input signal x[n].

This feedback coefficient c,, is described by the following
equation:

fg]
Cre = Z*COS(Z*R*—
fs

where:
f—sampling frequency
f,—specified frequency, symbol frequency
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4

According to the disclosure, the sampling frequency is an
integral multiple of the frequency of the specified discrete
spectral component.

For example, the ratio of the sampling frequency to the
frequency of the specified discrete spectral component is
precisely one of the values 3, 4 and 6.

With an arbitrary ratio of the sampling frequency {£; to the
respective frequency of the specified discrete spectral com-
ponent f, of f,/f,=[3, 4, 6], the coefficient c,, assumes a value
from the range of real numbers. The mathematical implemen-
tation for calculating the feedback quantity from the first state
memory is a multiple sequence of multiplications and addi-
tions. The multiplications can call for a comparatively high
mathematical expenditure.

With a ratio of the sampling frequency f| to the respective
frequency of the specified discrete spectral component f, of
f,/f,=3, the coefficient becomes c,,=-1. Accordingly, the
state of the first state memory can be fed back with inverted
sign. The mathematical implementation of the inversion of
the sign of a quantity is a bit operation which is carried out in
one mathematical step.

With a ratio of the sampling frequency f; to the respective
frequency of the specified discrete spectral component f, of
1,/f,=4, the coefficient becomes c,,=0. Accordingly, the state
of'the first state memory is not fed back. This dispenses with
all mathematical steps for calculating the feedback quantity
from the first state memory without replacement.

With a ratio of the sampling frequency f; to the respective
frequency of the specified discrete spectral component f, of
1,/f,=6, the coefficient becomes c,,=1. Accordingly, the state
of the first state memory is fed back with the correct sign, is
unchanged.

In an exemplary embodiment of the present disclosure, the
Goertzel algorithm can be implemented with the ratios the
disclosure of the sampling frequency { to the respective fre-
quency of the specified discrete spectral component f, with a
reduced number of mathematical steps, e.g., elaborate multi-
plications. The reduced mathematical complexity makes it
possible to manage with a lower power for calculating the
respective magnitude of the specified discrete spectral com-
ponent. Advantageously, the Goertzel algorithm can thus be
implemented also in feed-power-limited devices. Relative
details are specified in the exemplary embodiments.

FIG.11is a block diagram of a Goertzel algorithm in accor-
dance with an exemplary embodiment of the present disclo-
sure. The filter includes a return branch through which each
digital sample x[n] passes and which includes two successive
state memories Z~' and Z~2. The output signals s[n=1] and
s[n-2] of the state memories Z~' and Z~2 are fed back,
weighted individually, to the respective digital sample x[n],
forming the symbol value s[n]. In this context, the output
signal s[n-1] of the first state memory Z~! is weighted with
the feedback coefficient c,, and the output signal s[n-2] ofthe
second state memory Z~2 is weighted with the factor —1. The
feedback coefficient c,, is described by the following equa-
tion:

fg]
Cre =2*COS(2*7T* =
s

s

where:
f—sampling frequency
f,—specified frequency, symbol frequency.
Furthermore, the digital filter includes a forward branch in
which the output signal s[n—1] of the first state memory Z~" is
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linked with the symbol value s[n] to form the complex filter
output value M which describes the specified spectral com-
ponent f, in amount and phase.

FIG. 2 is a representation of a sequence of mathematical
operations according to the Goertzel algorithm in its general
form in accordance with an exemplary embodiment of the
present disclosure. In particular, FIG. 2 shows the sequence of
mathematical operations according to the Goertzel algorithm
in its general form for n=6 support points X0 to X5. In order
to reach the specified filter output value M, 9 multiplications
and 11 additions are performed for each specified discrete
spectral component f,. This mathematical expenditure calls
for 53 computing steps of the executing processor, such as, for
example, an MSP430 by the company Texas Instruments, for
its processing.

FIG. 3 is arepresentation of a first sequence of mathemati-
cal operations according to the Goertzel algorithm in accor-
dance with an exemplary embodiment of the present disclo-
sure. In particular, FIG. 3 shows the sequence of
mathematical operations according to the Goertzel algorithm
with the boundary condition that the ratio of the sampling
frequency {; to the respective frequency of the specified dis-
crete spectral component f, is £/f,=3, for n=6 support points
X0 to X5.

In this context, the feedback coefficient c,, assumes the
value of ¢,,=-1. In this embodiment, the output signal s[n—-1]
of the first state memory Z* is fed back, weighted with the
inverted sign, to the respective digital sample x[n]. The math-
ematical implementation of the inversion of the sign of a
quantity is a bit operation which is carried out in one math-
ematical step.

In order to reach the specified filter output value M in this
embodiment, 3 multiplications and 8 additions are called for
each specified discrete spectral component f,. This math-
ematical effort can call for 20 computing steps of the execut-
ing processor, such as, for example, MSP430 by the company
Texas Instruments, for its processing, and thus 62% less than
according to the known Goertzel algorithm in its general
form.

FIG. 4 is a representation of a second sequence of math-
ematical operations according to the Goertzel algorithm in
accordance with an exemplary embodiment of the present
disclosure. For example, FIG. 4 shows the sequence of math-
ematical operations according to the Goertzel algorithm with
the boundary condition that the ratio of the sampling fre-
quency f; to the respective frequency of the specified discrete
spectral component f, is £/f, =4, for n=6 support points X0 to
X5.

In this context, the feedback coefficient c,, assumes the
value of'c,,=0. Inthis embodiment, the output signal s[n-1] of
the first state memory Z~! is not fed back to the respective
digital sample x[n]. This dispenses with all mathematical
steps for calculating the feedback quantity from the first state
memory Z~ without replacement.

In order to reach the specified filter output value M in this
embodiment, 2 multiplications and 5 additions are called for
each specified discrete spectral component f,. This math-
ematical effort calls for 11 mathematical steps of the execut-
ing processor, such as, for example, MSP430 by the company
Texas Instruments, and thus 79% less than according to the
known Goertzel algorithm in its general form.

FIG. 5 is arepresentation of a third sequence of mathemati-
cal operations according to the Goertzel algorithm in accor-
dance with an exemplary embodiment of the present disclo-
sure. In particular, FIG. 5 shows the sequence of
mathematical operations according to the Goertzel algorithm
with the boundary condition that the ratio of the sampling

15

25

30

35

40

45

55

6

frequency f; to the respective frequency of the specified dis-
crete spectral component f, is £/f,=6, for n=6 support points
X0 to X5.

In this context, the feedback coefficient c,, assumes the
value of ¢,,=1. In this embodiment, the output signal s[n—1] of
the first state memory Z~" is fed back with the correct sign,
that is to say unchanged, to the respective digital sample x[n].

In order to reach the specified filter output value M in this
embodiment, 3 multiplications and 8 additions are called for.
This mathematical effort calls for 20 mathematical steps of
the executing processor, such as, for example, MSP430 by the
company Texas Instruments, and thus 62% less than accord-
ing to the known Goertzel algorithm in its general form.

With these boundary conditions, a demodulator for fre-
quency-shift keyed signals can be implemented by using the
Goertzel algorithm in feed-power-limited devices.

FIG. 6 is a representation of an implementation of the
demodulator for carrier detection according to an exemplary
embodiment of the present disclosure. In particular, FIG. 6
shows a basic representation of the implementation of the
demodulator for carrier detection in frequency-shift keyed
signals. In this context, the frequency is keyed between 1200
Hz and 2200 Hz, for example. These frequencies are desig-
nated as symbol frequencies and sought in each case as dis-
crete spectral component f, during the demodulation. With a
symbol frequency of f;=1200 Hz, a logical one is transmitted
and with the other symbol frequency £,=2200 Hz, a logical
Zero is transmitted.

Firstly, the line signal is filtered in a digital high-pass filter.
The filtered line signal is sampled and applied to the samples
X0 to X5 of the Goertzel algorithm, preferably with a sam-
pling frequency £,=7200 Hz, that is to say of the magnitude of
six times the frequency of the specified symbol frequency
£,=1200 Hz. The filter output value M is evaluated. If the
amplitude of the filter output value M1200 exceeds a voltage
of 120 mV, the Goertzel algorithm is applied again to the
existing samples X0 to X5, but in its general form, in a first
embodiment.

In another exemplary embodiment, new samples X0 to X5
are now determined with a sampling frequency f.=13200 Hz,
that is to say of the magnitude of six times the frequency of the
specified symbol frequency £,=2200 Hz, for determining the
filter output value M2200 of the second specified symbol
frequency £,=2200 Hz, and the Goertzel algorithm is applied
in its form according to the disclosure.

Independently of the type of determination of the filter
output value M2200 of the second specified symbol fre-
quency £,=2200 Hz, the amplitudes of the filter output values
M1200 and M2200 of both symbol frequencies f;=1200 Hz
and £,=2200 Hz are compared with one another. If the ampli-
tude of the filter output value M1200 exceeds the amplitude of
the filter output value M2200, a logical one is output. Other-
wise, a logical zero is output if the amplitude of the filter
output value M2200 exceeds the amplitude of the filter output
value M1200.

Thus, it will be appreciated by those skilled in the art that
the present disclosure can be embodied in other specific
forms without departing from the spirit or essential charac-
teristics thereof. The presently disclosed embodiments are
therefore considered in all respects to be illustrative and not
restricted. The scope of the disclosure is indicated by the
appended claims rather than the foregoing description and all
changes that come within the meaning and range and equiva-
lence thereof are intended to be embraced therein.
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LIST OF REFERENCE DESIGNATIONS

x[n] sample

77!, 772 state memory

C,, feedback coefficient
s[n] symbol value

s[n-1], s[n-2] output signal
M filter output value

X0 to X5 support point

What is claimed is:
1. A demodulator for frequency-shift keyed signals, com-
prising:

a first state memory configured to store a state signal; and

a processor configured to filter input signals and process
the filtered signals using a Goertzel algorithm according
to a general recursive calculating rule M=s[n]*+
s[n-1]%+s[n]*s[n-1]*c,,

where s[n]=x[n]+c,, *s[n-1]-s[n-2],

M is the magnitude of a specified discrete spectral compo-
nent,

x[n] are the samples of the input signal,

s[n] are state signals, and

c,. 1s the feedback coefficient of the state signal s[n—-1],

where

fg]
Cre = Z*COS(Z*R*—
fs

s

with a sampling frequency {; and a specified frequency f,
wherein the sampling frequency f is an integral multiple of
the frequency T, of the specified discrete spectral com-
ponent,
wherein if a ratio of the sampling frequency {; to the fre-
quency T, of the specified discrete spectral component is
4, the feedback coefficient c,, equals zero such that the
state signal of the first state memory is not fed back, and
wherein if a ratio of the sampling frequency {; to the fre-
quency I of the specified discrete spectral component is 6, the
feedback coefficient c,, equals one such that the state signal of
the first state memory is fed back.
2. A method for demodulating frequency-shift keyed sig-
nals, comprising:
filtering input signals in a processor;
processing, in the processor, the filtered signals using a
Goertzel algorithm according to a general recursive cal-
culating rule M=s[n]*+s[n-1]*+s[n]*s[n-1]%c,,
where s[n]=x[n]+c, *s[n-1]-s[n-2],
M is a magnitude of a specified discrete spectral compo-
nent,
x[n] are samples of the input signal,
s[n] are state signals, and
c,, is a feedback coefficient of the state signal s[n-1],
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fg]
Cre =2*COS(2*7T* =
fs

s

with a sampling frequency f; and a specified frequency f,,
wherein the sampling frequency £, is an integral multiple of
the frequency T, of the specified discrete spectral com-
ponent, and

wherein if a ratio of the sampling frequency f; to the fre-
quency T, of the specified discrete spectral component is
4, the feedback coefficient c,, zero such that a state
signal of a first state memory is not fed back, and

wherein if a ratio of the sampling frequency f; to the fre-
quency T, of the specified discrete spectral component is
6, the feedback coefficient c,, equals one such that the
state signal of the first state memory is fed back.

3. A demodulator for frequency-shift keyed signals, com-

prising:

a high-pass filter configured to filter a line signal;

a processor configured to sample the filtered signal and
process samples output from the filter with a Goertzel
algorithm, comparing a result of the algorithm to a
threshold to determine whether the filter output is to be
feedback for further processing with the Goertzel algo-
rithm,

wherein the processor is configured to execute the Goertzel
algorithm according to a general recursive calculating
rule M=s[n]*+s[n-1]*+s[n]*s[n-1]*c,,

where s[n|=x[n]+c,, *s[n-1]-s[n-2],

M is a magnitude of a specified discrete spectral compo-
nent,

x[n] are samples of the input signal,

s[n] are state signals, and

¢, is a feedback coefficient of the state signal s[n-1],

where

Cre =2*COS(2*7T* =
s

s

with a sampling frequency {; and a specified frequency f,
wherein if the line signal is filtered at a sampling frequency

having a magnitude that is four times a frequency of a
specified symbol frequency of the line signal the filter
output is not fed back, and

wherein if the line signal is filtered at a sampling frequency

having a magnitude that is six times a frequency of a specified

symbol frequency of the line signal the filter output is fed

back.

4. The demodulator of claim 2, wherein if a ratio of the
sampling frequency {; to the frequency f, of the specified
discrete spectral component is 4, the feedback coefficient c,,
is zero such that a state signal of a first state memory is not fed
back, and wherein if a ratio of the sampling frequency f; to the
frequency f, of the specified discrete spectral component is 6,
the feedback coefficient c,, equals one such that the state
signal of the first state memory is fed back.
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